Calculations and curves are presented which prove that for each turbine entry temperature, there is an entry pressure which will optimize the thermodynamic efficiency of a "binary" type geothermal power plant. Comparisons are made between thermodynamic efficiency and another method of rating process efficiency.
• •
-1-This report examines the process thermodynamic efficiency of "binarytype" geothermal power plants that use isobutane as a secondary fluid. !sobutane was selected for this study because it offers more advantages than other fluids examined to date. The method of rating efficiency used in this report is compared with another method in common use.
Essentially, this process is a continuous cycle involving the heating of isobutane with "brine", expanding it through a turbine that drives an electric /generator, condensing it with some form of cooling, and then pumping it back to the beginning of the cycle to be reheated. A schematic of the process is shown in Fig. 1 . The thermodynamic efficiency of the process may be defined as the net electrical energy produced by the plant divided by the energy taken from the brine. The supplied energy not appearing as electrical energy is consumed by auxiliary equipment (pumps, fans, lights, etc. including the brine pumps), is dissipated by equipment inefficiencies, and is dissipated in the cooling required for condensation.
The expansion of the isobutane through the turbine may best be illustrated by refering to the pressure-enthalphy-entropy diagram for isobutane (Fig. 2) . The expansion (essentially isentropic) will take place to the right of the thermodynamic dome, beginning at the temperature and pressure of the isobutane entering the turbine, passing downward along a line of nearly constant entropy, 
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Fig. 2. Characteristic of lsobutaneTurbine Expansion
• I -3and ending at the pressure corresponding to that of the isobutane at the turbine outlet. Because the turbine efficiency is not 100%, the expansion line will veer off slightly to the right of the l~ne of constant entropy. The isobutane pressure at the turbine outlet is equal to the pressure of isobutane at the condensing temperature plus that pressure due to the flow resistance of the piping and equipment between the.turbine outlet and the condensed fluid. In this report, the condensing temperature is assumed constant. The energy (in Btu/lb of isobutane) available for driving the turbine is the difference in the enthalpies of the isobutane entering and leaving the turbine. At first glance, it may appear that for a given turbine entry temperture, the maximum amount of energy will be made available by maintaining the highest turbine entry pressure which is consistent with keeping the expansion line to the right of the thermodynamic dome. This yields the greatest enthalphy difference and requires the least amount of heating and cooling. Figure 4 shows such an expansion cycle for isobutane entering the turbine at a temperature of 370°F. However, a great amount of energy is required to operate the isobutane feed pumps at this high pressure. This significantly reduces the thermodynamic efficiency. In addition, piping and equipment must be designed to withstand this high pressure.
To the right of the thermodynamic dome ( Fig. 4) , the slope of the constant entropy lines progressively decrease. Therefore, there is a progressively greater enthalphy difference between the turbine entry and exit pressure. In addition, where the lines of constant temperature flare to the right with decreasing pressure, it is possible to select a lower turbine entry pressure where the expansion will yield nearly the same enthalphy difference as did the higher entry pressure. Figure 5 shows a lower entry pressure expansion cycle for isobutane entering the turbine at 370°F. The apparent increase in heating and cooling (compare Figs. 4 and 5) is eliminated by the incorporation of a regenerative heat exchanger into the cycle. A schewatic of this process is shown in Fig. 3 . In the regenerative heat exchanger the condensed isobutane cools the vapor leaving the turbine and is, in turn, heated by the vapor. The purilping power requirement of this process is much less than that of the high-pressure process (Fig. 2) .
It is obvious from the constant temperature curves that further reduction of turbine inlet pressure will begin to progressively reduce the enthalphy difference and thus the thermodynamic efficiency. The greatest thermodynamic efficiency for a given inlet temperature must, therefore, occur within some optimum turbine inlet pressure range.
Based on a 10 MWe net power plant, calculations were made for following turbine inlet temperatures and pressures: ' 
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.oh"lll~llllllrl~ll;rl"llltl, ~~;i;lllrtJJJLJJl&t~~·V:I-1 ~' -. l ~ 11;,-t .,-;-11!-1-lf~)lUi--l,Ll-l~oV r- ;L'''.I' 111 1 1 -8site under study. A higher condensing temperature does not change the optimum trends, but rather results in an overall lowering of efficiency. The pressure differential was obtained from equipment suppliers. Figure 6 includes the following curves which were derived from calculations for a turbine inlet temperature of 370°F at various turbine inlet pressures:
DATUM C(grophlte) and H2(gos) a-t 0°R and 0 PSIQ
a. Thermodynamic efficiency. b. Heat supplied to process. c. Cooling required. d. Circulating isobutane required. e. Heat transferred in regenerative heat exchanger. f. Heat available for turbine power from each pound of circulating isobutane. g. Required cooling tower makeup water.
Except for curve (e), each of these curves shows the optimum turbine inlet pressure to be 700 psia when the inlet temperature is 370°F.
Curve (e) shows that the amount of heat transferred in the regenerative heat exchanger decreases rapidly as the turbine inlet pressure increases. This is due to the fact that as the inlet pressure increases, the line of isentropic expansion through the turbine moves progressively closer to the thermodynamic dome. At an inlet temperature of 370°F, the amount of heat transferred in the regenerative heat exchanger will drop to zero at an inlet pressure of about 1500 psia.
Our calculations show that processes with lower turbine inlet temperatures will have lower optimum inlet pressures. Figure 7 shows a curve whereby one can approximate the optimum turbine inlet pressure for any particular inlet temperature. In actual practice, the optimum pressure should be calculated with the regard for the temperature pinch point in the brine/isobutane heat exchange.
The calculation of specific net energy is another method of rating process efficiency. This is defined as the net watt-hours of energy obtained from each pound of brine used in heating the isobutane. In accordance with this definition, a process without a regenerative heat exchanger has a higher specific net energy than a process with one. Table I shows a comparison of the two cycles, assuming an turbine inlet temperature of 370°F and an inlet pressure of 700 psia. vr: 
The specific net energy is a very deceptive method of rating. According to this method (for the same net output) the process that requires 32% more heat (21 additional MW), 40% more cooling (21 additional MW), and 13% more heat transfer (19 additional MW) has the higher rating. Although the process without the regenerator requires 2% less brine circulation through the heat exchanger, it must be remembered that the essential component being removed from the earth is heat, not water. It is hoped that by reinjecting the spent brine, eventually a steady state will be reached wherein the spent brine is reheated and returned to the supply reservoir.
Reinjection of the spent brine at lower temperatures may be troublesome in that the decreased solubility of the dissolved salts may effect the porosity of the reinjection zone.
If the mentioned steady state is never realized, and if the lower reinjection temperatures present no problem; it is still true that the additional 21 megawatts of heat dissipated in cooling and condensing by the process without a regenerator is unavilable energy and is forever lost. On the other hand, considering the brine heat between 236°F and 180°F as energy available for use chemical industries, food processing and the like; the spent brine from the process with the regenerator will furnish almost 23 megawatts of additional energy. Figure 8 shows comparative curves for the two process cycles (with and without a regenerative heat exchanger)based on a turbine inlet temperature of 370°F and various inlet pressures for: a. Thermodynamic efficiency b. Exit brine temperattrre c. Brine required d. Cooling tower makeup water required.
In each case, the curves approach each other as the inlet pressures approach 1500 psia. Figure 9 shows comparative curves for the two process cycles based on a turbine inlet temperature of 370°F and various inlet pressures for:
a. Cooling required b. Heat removed from brine_
In each case, the curves approach each other as the inlet pressures approach 1500 psia.
The brine use and exit temperature calculations (see Table I ) were based on a brine inlet temperature of 392°F and a temperature pinch point of l2°F 
No Regenerator (see text) 10 MWe Net Geothermal Power Plant Secondary media = isobutane Temperature into turbine= 370°F Condensing temperature = l00°F Turbine efficiency = 80% Generator efficiency = 95%
No Regenerator (see text) Regenerator (see text)
Brine required (lbs/hr /10 -14within the brine/isobutane heat exchanger. This standardized procedure was employed for the purpose of comparing the two processes. It is not intended to represent a basis of establishing design parameters. Figures 10 through 15 are enthalphy/temperature plots of the brine/isobutane heat exchange at pressures of 400, 500, 600, 700, 800 and 1000 psia. Tables II and III tabulate the calculations for the process with and without a regenerative heat exchanger. Conclusions 1. The use of a regenerative heat exchanger improves the thennodynamic efficiency of the process.
2. For each turbine inlet temperature, there is an inlet pressure at which the thennodynmnic efficiency is optimized.
3. Lower turbine inlet temperatures will result in thennodynamic optimization at lower turbine inlet pressures.
4. Assuming a constant condensing temperature, processes with lower temperatures are less efficient than processes with higher inlet temperatures.
5. The specific net energy is a deceptive method rating efficiency and should not be used.
This report has attempted to remain with absolute values. It has deliberately avoided reference to moot items such as heat transfer coefficients; required heat transfer areas and unit costs. We have made unit cost estimates of plants operating at various entry temperatures and pressures with and without a regenerative heat exchanger. They indicate that it is always cheaper to use the regenerator and that the lowest unit capital cost occurs at the point of greatest thermodynan1ic efficiency. However, we do not wish to submit this data now. Project GEOTHERM (a computer program) is now analyzing these subjects. We expect the results of this program will .clarify these issues and establish facts. 
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